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We report on the search for a CPT and Lorentz invariance violating coupling of the 3He and
129Xe nuclear spins (each largely determined by a valence neutron) to background tensor fields which
permeate the universe. Our experimental approach is to measure the free precession of nuclear spin
polarized 3He and 129Xe atoms in a homogeneous magnetic guiding field of about 400 nT using
LTC SQUIDs as low-noise magnetic flux detectors. As the laboratory reference frame rotates with
respect to distant stars, we look for a sidereal modulation of the Larmor frequencies of the co-located
spin samples. As a result we obtain an upper limit on the equatorial component of the background
field interacting with the spin of the bound neutron b˜n⊥ < 6.7 · 10−34 GeV (68% C.L.). Our result
improves our previous limit (data measured in 2009) by a factor of 30 and the world’s best limit by
a factor of 5.
PACS numbers: 06.30.Ft, 07.55.Ge, 11.30.Cp, 11.30.Er, 04.80.Cc, 32.30.Dx, 82.56.Na
A great number of laboratory experiments have been
designed to detect diminutive violations of CPT and
Lorentz invariance. Unlike Michelson-Morley type exper-
iments [1–3], Hughes-Drever experiments [4, 5] test the
isotropy of the interactions of matter itself. Searches for
an anomalous spin coupling to a relic background field
which permeates the universe have been performed with
electron and nuclear spins with increasing sensitivity [6–
18]. The theoretical framework presented by A. Kost-
elecky´ and colleagues parametrizes the general treatment
of CPT and Lorentz invariance violating (LV) effects in
a Standard Model Extension (SME) [19–21]. The SME
was conceived to facilitate experimental investigations
of Lorentz and CPT symmetry, given the theoretical
motivation for violation of these symmetries. Although
Lorentz-breaking interactions are motivated by models
such as string theory [21, 22], loop quantum gravity [23–
26], etc., the low-energy effective action appearing in
the SME is independent of the underlying theory. The
SME contains a number of possible terms that couple to
the spins of fundamental Standard Model particles like
the electron, or composite particles like the proton and
(bound) neutron. These terms are small due to Planck-
scale suppression (Mp), and in principle are measurable
in experiments by detecting tiny energy shifts of order
∆E(n) ∼ (mwMp )n ·mw, where the low energy scale is set
by the mass mw of the particle. Since n = 1 is largely
ruled out by present experiments [27], tuning the mea-
surement sensitivity to second order effects (n = 2) in
Planck scale suppression is the current challenge1. To de-
∗ Corresponding author: allmendinger@physi.uni-heidelberg.de
1 For the neutron (mn = 939 MeV) this is ∆E(2) ≈ 10−38 GeV.
termine the leading-order effects of a LV potential V , it
suffices to use a non-relativistic description for the parti-
cles involved given by
V = −b˜wJ ·σwJ (with J = X,Y, Z ; w = e, p, n) , (1)
which can be interpreted as a coupling of the electron,
proton or neutron spin σwJ to a hypothetical background
field b˜wJ . The most sensitive tests so far were performed
on the bound neutron using a 3He-129Xe Zeeman maser
[12, 13], a 3He-129Xe co-magnetometer [28] based on free
spin precession, and a K-3He co-magnetometer [7]. The
latter one so far gave the highest energy resolution of any
spin anisotropy experiment.
The experiment described here is a continuation of our
year 2009 measurements [28] with some essential im-
provements (see below) and is based on the detection
of freely precessing nuclear spins of polarized 3He and
129Xe gas with SQUIDs as low-noise magnetic flux de-
tectors. Like in [12, 13], we search for sidereal varia-
tions of the frequency of co-located spin species while
the Earth and hence the laboratory reference frame ro-
tates with respect to distant stars. The 3He-129Xe co-
magnetometer has been described in detail in [28–31].
Briefly, we used a LTC DC-SQUID magnetometer system
inside the strongly magnetically shielded room BMSR-2
at PTB Berlin [32] (latitude Θ = 52.52◦). A homogeneous
magnetic guiding field B0 of about 400 nT was provided
by two square coil pairs which were arranged perpendicu-
lar to each other in order to manipulate the sample spins,
e.g., pi/2 spin-flip by non-adiabatic switching. The 3He
and 129Xe nuclear spins were polarized outside the shield-
ing by means of optical pumping. Low-relaxation spheri-
cal glass vessels (R = 5 cm) were filled with the polarized
3He and 129Xe gases and placed below the Dewar housing
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2the SQUID sensors, which detect the sinusoidal change in
magnetic flux due to the spin precession of the gas atoms.
In order to obtain a high common mode rejection ra-
tio, gradiometric sensor arrangements (four in total) were
used. Typically, the optimum conditions in terms of long
transverse relaxation times (T ∗2 ) and high signal-to-noise
ratio (SNR) were met at a gas mixture with pressures
of (3He, Xe (91% 129Xe), N2)=(3, 5, 25) mbar. Nitrogen
was added as buffer gas to suppress spin-rotation cou-
pling in bound Xe-Xe van der Waals molecules [33, 34].
In total 7 measurement runs (j = 1, . . . ,7) with free spin
precession were performed, each lasting about one day.
For the first three runs resp. for the last four ones, the
magnetic guiding field pointed at an angle of ρ1 = 208
◦
resp. ρ2 = 73
◦ to the north-south direction. The recorded
signal is a superposition of the 3He and 129Xe precession
signals at Larmor frequencies ωHe = γHe·B0 ≈ 2pi·13.0 Hz
and ωXe = γXe ·B0 ≈ 2pi · 4.7 Hz.2 Analogue to other ex-
periments with high precision in frequency or phase de-
termination [37] phases of sub-data sets were analyzed:
The data of each run was divided into sequential time
intervals of τ = 3.2 s. The number Nj of obtained sub-
data sets laid between 20000 and 28000 corresponding to
observation times Tj of coherent spin precession in the
range of 18 h to 25 h. For each sub-data set (i) a χ2 min-
imization was performed, using the fit function
Ai(t) =AiHe · sin
(
ωiHet
)
+BiHe · cos
(
ωiHet
)
+
AiXe · sin
(
ωiXet
)
+BiXe · cos
(
ωiXet
)
+
ci0 + c
i
1 · t (2)
with a total of 8 fit parameters. Within the relatively
short time intervals, the term ci0 + c
i
1 · t represents the
adequate parameterization of the SQUID gradiometer
offset showing a small linear drift due to the elevated
1/f noise at low frequencies (< 1 Hz) [29]. On the other
hand, the chosen time intervals are long enough to have
a sufficient number of data points (800) for the χ2 min-
imization. The sum of sine and cosine terms are chosen
to have linear fitting parameters (except ωHe and ωXe)
with orthogonal functions. The reduced χ2 (χ2/d.o.f.) of
most sub-data sets is close to 1 which is consistent with
the assigned uncertainty to each data point of ± 16 fT
(1σ), typically. The initial signal amplitudes were up to
10 pT (Xe) and 20 pT (He). For each sub-data set we
finally obtain numbers for the respective fit parameters
AiHe, B
i
He, A
i
Xe, B
i
Xe, ω
i
He, ω
i
Xe including their uncertain-
ties. The sub-data set phases are then calculated using
ϕi = arctan (Bi/Ai) . (3)
The accumulated phases for helium and xenon at the
times t = i · τ are then determined by adding appropri-
ate multiples of 2pi. After one day of measurement the
2 γHe
γXe
≈ 2.75408159(20) [35, 36].
accumulated phase for 3He is ΦHe ≈ 7 · 106 rad, e.g.. In
the next step the weighted phase difference ∆Φ (t = iτ)
is calculated with
∆Φ = ΦHe − γHe
γXe
· ΦXe. (4)
By that measure the Zeeman term is eliminated and thus
any dependence on fluctuations and drifts of the magnetic
guiding field, i.e. ∆Φ = const. . However, non-magnetic
spin interactions, like the one of Eq. (1), do not drop
out and we expect a sidereal modulation of the weighted
phase difference, i.e., ∆Φ ∝ sin(Ωs · t + ϕ),3 that allows
to distinguish between a normal magnetic field and an
anomalous field coupling. On a closer inspection, the ef-
fect of Earth’s rotation (i.e. the rotation of the SQUID
detectors with respect to the precessing spins) is not com-
pensated by co-magnetometry as well as frequency shifts
due to the Ramsey-Bloch-Siegert (RBS) shift [38, 39].
The latter one gives the shift in Larmor frequency ωL
due to a rotating field with amplitude B1 and frequency
ωD, which, related to our case, is generated by the pre-
cessing magnetization of the polarized gas:
δωRBS(t) = ±
(√
∆ω2 + γ2B21(t)−∆ω
)
(5)
with ∆ω = |ωL − ωD|. The plus sign applies to ωDωL < 1,
the minus sign to ωDωL > 1, respectively. Two effects con-
tribute to the RBS shift and have to be taken into ac-
count, i.e., cross-talk (ct) and self-shift (ss). i) Concerning
cross-talk, i.e., the coupling of the 3He and 129Xe mag-
netic moments among each other, ∆ω  γB1 holds. For
a precessing spherical spin sample with magnetization
~M(t) we have | ~B1(t)| = 2µ03 | ~M(t)| = | ~B1(0)| ·exp(−t/T ∗2 )
for the magnetic field produced inside the sample cell [40]
and expressions for the weighted phase difference (Eq.
(4)) can be calculated by integrating over time:
∆ΦctRBS(t) = FHe · e
− 2·t
T∗
2,Xe − FXe · e
− 2·t
T∗
2,He
=
−γ2HeB21,Xe(0) · T ∗2,Xe
4∆ω
· e−
2·t
T∗
2,Xe
+
γHeγXeB
2
1,He(0) · T ∗2,He
4∆ω
· e−
2·t
T∗
2,He (6)
The magnetic field inside the sample cell B1(t) can be
determined by analyzing the signal of the SQUID mag-
netometers which directly measure the magnetic dipole
field outside the spherical sample cell at their respec-
tive positions. The uncertainty in the determination of
B1(0) is in the order of 5%, resulting in uncertainties
of ∆ΦctRBS of about 10%. Taking into account the un-
certainties on F
(j)
He and F
(j)
Xe , the final fitting procedure
3 Ωs = 2pi/(23h : 56min : 4.091s) is the angular frequency of the
sidereal day.
3was not a basic χ2-minimization, but a maximization of
the likelihood L including the Gaussian probability dis-
tributions for F
(j)
He and F
(j)
Xe [41]. In contrast, the char-
acteristic time constants T ∗2 of the exponential decay of
the precession signals as well as the Larmor frequencies
could be determined with high precision, so that they en-
ter as fixed values into the fitting procedure. ii) For the
self-shift, i.e., coupling of the precessing magnetic mo-
ments of the same spin species, ∆ω  γB1 holds with
δωRBS(t) ∝ γB1(t) ∝ exp (− tT∗2 ) and for the correspond-
ing expression of the weighted phase difference we get
∆ΦssRBS(t) = EHe · e
− t
T∗
2,He − EXe · e
− t
T∗
2,Xe (7)
B1(t), in turn, depends on the source strength and thus
must show the time dependence of the signal ampli-
tude (∝ exp(−t/T ∗2 )). However, the proportionality fac-
tor strongly depends on the field gradients across the
sample cell, the resulting diffusion coefficients for 3He
and 129Xe in the gas mixture, and the geometry of the
sample cell [29]. During the duration of a single run (j),
these parameters are sufficiently constant, so that only
the time dependence of the signal amplitude enters. Since
we have no precise enough model to calculate the ampli-
tudes of ∆ΦssRBS, EHe and EXe must be kept as free fit
parameters. If there is no sidereal variation of the 3He
and 129Xe frequencies induced by LV couplings, then the
time dependence of the weighted phase difference can be
described best by the fit model
∆Φc(t) =

∆Φ
(1)
d (t) for t0,1 ≤ t ≤ (t0,1 +N1 · τ)
...
∆Φ
(7)
d (t) for t0,7 ≤ t ≤ (t0,7 +N7 · τ)
(8)
with
∆Φ
(j)
d (t) = Φ
(j)
0 + ∆ω
(j)
lin · ( t− t0,j)
+E
(j)
He · e
−( t−t0,j)
T
∗ (j)
2,He − E(j)Xe · e
−( t−t0,j)
T
∗ (j)
2,Xe
−F (j)Xe · e
−2( t−t0,j)
T
∗ (j)
2,He + F
(j)
He · e
−2( t−t0,j)
T
∗ (j)
2,Xe
(9)
t0,j is the starting time of the corresponding run
(j) (with t=0 at 15:35 UT on March 7th, 2012) [42].
As for the RBS amplitudes, it is generally found that
|E(j)He(Xe)|  |F (j)He(Xe)|.4 Fitting the data for the
weighted phase difference to Eq. (9) and subtracting the
fit function, results in the phase residuals as shown in
4 In [28] the contribution of the cross-talk could be neglected due
to the lower SNR (∼ B1).
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FIG. 1. (a) Weighted phase difference ∆Φ (data-bin: 320 s)
after subtraction of the linear terms ∆Φlin in Eq. (9). The
remaining parabolic shaped structure is the contribution of
the RBS-shift (in particular the self-shift). (b) Phase residuals
after subtraction of the entire fit-model ∆Φc according to Eqs.
(8) and (9). The time evolution of the phase noise is caused
by the exponential decay of the signal amplitudes. Note that
the phase noise is much less than the symbol size in (a).
Fig. 1b. Due to the exponential decrease of the 3He and
129Xe signal amplitudes (in particular the xenon am-
plitude) the residual phase noise rises in time (σres ∝
exp(t/T ∗2,Xe)). In order to demonstrate that the time de-
pendence of the RBS-shift is known with sufficient pre-
cision, Fig. 1a shows the weighted phase difference after
subtraction of all linear terms in the fit model of Eq.
(9) (including the linear terms from the Taylor expan-
sion of the exponential functions of the RBS-phases).
For the 7 measurement runs, an almost parabolic de-
pendence of the residual RBS-shifts (dominated by the
quadratic term in the Taylor expansion) is the finding.
Besides strong variations of the RBS-amplitudes from
run to run, a sign change is observed from run (j = 4)
on, i.e., where the magnetic guiding field with respect
to its north-south orientation was rotated resulting in
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FIG. 2. Allan Standard Deviations (ASD) of the residual
phase noise of a single run (j = 6). The total observation
time was T = 90000 s. With increasing integration times τ
the uncertainty in phase decreases as ∝ τ− 12 indicating the
presence of white phase noise.
slightly different field gradients across the sample cell,
i.e., superposition of gradients of the applied field and
residual field inside BMSR-2 [30, 43, 44]. The reduction
of these structures by three orders of magnitude (see Fig.
1) indicates that the time structure of the RBS-effects is
well under control. Assuming Gaussian noise, the uncer-
tainty in the phase determination and thus the measure-
ment sensitivity increases according to the Cramer Rao
Lower Bound (CRLB) with σΦ ∝ T− 12 SNR−1C(T, T ∗2 )
[29, 30, 41]. T is the observation time of coherent spin pre-
cession and C(T, T ∗2 ) is a factor which takes into account
the exponential decay of the signal amplitude with the
transverse relaxation time T ∗2 [29]. The Allan standard
deviation (ASD) [29, 45] is the most convenient measure
to study the temporal characteristics of our 3He-129Xe
co-magnetometer and to identify the power-law model of
the phase noise under study. Taking the phase residuals
from Fig. 1b, the behavior of the phase uncertainty in
the ASD plot is shown in Fig. 2. Indeed, the observed
phase fluctuations decrease as ∝ τ−1/2 indicating the
presence of white phase noise. After one day of coherent
spin precession, the uncertainty in the weighted phase
difference is σuncorr ≈ 10µrad, typically. The gain in
measurement sensitivity compared to the year 2009 mea-
surements mainly arises from two improvements: Firstly,
the SNR could be increased by a factor of 4 thanks to
the higher xenon polarization of PXe ≈ 40% and the
use of four independent gradiometers. Furthermore, with
the larger size of our spherical glass cells, the longitu-
dinal wall relaxation time which scales like T1,wall ∝ R
could be improved by a factor of 2 for both gas species,
i.e., THe1,wall ≈ 165 h and TXe1,wall ≈ 15 h. In particular
for xenon, that resulted in a significant increase of the
transverse relaxation time of T ∗2,Xe ≈ 8.5 h compared to
T ∗2,Xe ≈ 4.5 h in 2009 [29]. Thus, coherent spin-precession
could be monitored for more than 24 hours (≈ 3 ·T ∗2,Xe),
whereas typical measurement times in 2009 were limited
to 14 hours. The longer periods of coherent spin pre-
cession had another advantage, inasmuch as the corre-
lated uncertainty which sets the present sensitivity limit
of our 3He-129Xe co-magnetometer could be drastically
reduced. The big correlated uncertainty (σcorr) on the
sidereal phase modulation is caused by a partly similar
time structure of ∆Φc(t) and the function describing the
sidereal phase modulation: Namely, the combined fit to
the data of all 7 runs now including the parameterization
of the sidereal phase modulation was performed with
∆Φfit(t) = ∆Φc(t) +

sinχ1 · ex · sin(Ωst+ ϕ1)
+ sinχ1 · ey · cos(Ωst+ ϕ1), for j ≤ 3
sinχ2 · ex · sin(Ωst+ ϕ2)
+ sinχ2 · ey · cos(Ωst+ ϕ2), for j ≥ 4
(10)
Here, the suitable choice of coordinate frames and trans-
formations was made as given in Ref. [20, pp. 7-9]. With
χ = arccos(cos Θ cos ρ) we get sinχ1 = 0.84 and sinχ2 =
0.98. The phases were determined to be ϕ1 = 0.103 and
ϕ2 = −0.677, using ϕ = arctan(− tan ρ/ sin Θ) + ϕs [42].
From the fit, the sidereal phase amplitudes ex and ey
together with their correlated and uncorrelated uncer-
tainties could finally be extracted to be:
ex = (30± 34± 4)µrad
ey = (21± 45± 3)µrad (11)
The present sensitivity limit of our co-magnetometer is
still set by σcorr, which is about a factor of ten higher
than σuncorr. However, compared to the year 2009 mea-
surements, the ratio σcorrσuncorr could be reduced by a factor
of 5, thanks to the longer periods of coherent spin pre-
cession5. The results of the sidereal phase amplitudes can
be expressed in terms of the SME coefficients [20, 28]
b˜nX,Y =
1
2
~Ωs
γHe
γXe
− 1 · ex,y , (12)
assuming that the spins and the magnetic moments of
the 3He and 129Xe nuclei are determined by the valence
neutron according to the Schmidt model [46]6:
b˜nX = (4.1± 4.7) · 10−34 GeV
b˜nY = (2.9± 6.2) · 10−34 GeV . (13)
These results can be interpreted as a new upper limit of
the equatorial component b˜n⊥ of the background tensor
5 The impact of longer spin-coherence times (T ∗2 ) on σcorr has been
studied in [28, Tab. 1].
6 The use of more accurate nuclear models [47, 48] results in:
b˜nX = (5.1± 5.9) · 10−34 GeV, b˜nY = (3.6± 7.8) · 10−34 GeV and
b˜n⊥ < 8.4 · 10−34 GeV (68% CL).
5field interacting with the spin of the bound neutron [49]:
b˜n⊥ < 6.7 · 10−34 GeV (68% Confidence Level)
b˜n⊥ < 1.3 · 10−33 GeV (95% Confidence Level) (14)
This is an improvement by a factor of 30 compared to
our year 2009 measurements and an improvement by a
factor of 5 compared to the world’s best limit. And there
is still room for improvements: Presently, the relatively
short T ∗2,Xe, essentially set by T1,wall, limits the total ob-
servation time T of free spin-precession. Efforts to in-
crease T1,wall considerably are therefore essential. Besides
gain in phase sensitivity according to the T−
1
2 power law
(CRLB), the still dominating correlated uncertainty will
approach the uncorrelated one. Furthermore, successive
measurement runs can be extended to a period of about
100 days. The long time span gives the possibility to mea-
sure an annual variation of a daily sidereal modulation
to extract limits on boost-dependent Lorentz and CPT
violating effects like in Ref. [15].
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(b˜nx, b˜
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